The sequences of cDNA clones encoding most of the NI b protein, the coat protein and the 3' untranslated region of papaya ringspot virus (PRV) strains W and P have been determined. The open reading frame of P strain PRV was confirmed by amino acid analysis. Nucleotide sequence comparisons of these strains show that they share a 98-2% identity in their NI b gene regions and a 97-7% identity in their coat protein genes. The sequences of these two strains are distinct from other potyvirus types, confirming their classification as two strains of the same virus. The NI b amino acid sequence possesses conserved amino acids characteristic of RNA-dependent RNA polymerases.
Introduction
Papaya ringspot virus (PRV) is a member of the potyvirus group of plant viruses. The P strain of PRV (PRV-P) causes extensive damage to papaya and the W strain (PRV-W) is an economically important cucurbit virus (see Yeh & Gonsalves, 1984) . Previous work has shown that PRV-W and PRV-P have many similar characteristics. For example, Yeh et al. (1984) found that several strains of PRV-W (formerly watermelon mosaic virus 1) and PRV-P (formerly papaya ringspot virus) were serologically indistinguishable and that genes for resistance to PRV-W conferred resistance to PRV-P as well. However, the two strains can be distinguished by host range differences, as PRV-W is unable to infect papaya (Yeh et al., 1984) . Furthermore, a mild mutant of PRV-P effects greater cross-protection against PRV-P than against PRV-W ( Yeh & Gonsalves, 1984) , indicating that these two strains are not identical.
As with other potyviruses, the proteins expressed during PRV infection appear to be produced by proteolytic cleavage of a larger polyprotein (Yeh & Gonsalves, 1985) . It has been suggested, by analogy with other potyviruses, that the coat protein lies at the COOH end of this polyprotein (Nagel & Hiebert, 1985) . Furthermore, it has been shown that the gene immediately upstream of the coat protein gene encodes a protein (NI b) that is serologically related to the potyvirus nuclear inclusion proteins (Nagel & Hiebert, 1985) . Previous work has estimated that the coat protein has an Mr of 36000 (Purcifull & Hiebert, 1979; Gonsalves & Ishii, 1980) and that the NI b protein has an Mr of 57000 (de Meija et al., 1985; Nagel & Hiebert, 1985) .
This report describes the nucleotide sequences of cDNA clones containing the regions encoding the coat protein and part of the NIb protein of PRV-W and PRV-P. Confirmation of this sequence is provided by amino acid analysis and partial amino acid sequencing. We compare the sequences of these strains with other known potyvirus coat protein sequences and thereby study the relatedness of PRV to the other potyviruses at the nucleotide and amino acid sequence level.
Methods

Cloning and sequencing of regions encoding PR V coat and Nlb proteins.
The isolation and characterization of the pUC plasmids WI-18 and Wl-77 have previously been described (Nagel & Hiebert, 1985) . The pUC9 plasmid pPRVI17 was isolated from a library of clones, constructed according to the method of Gubler & Hoffman (1983) , with modifications (B. L' Hostis et al., unpublished) . The RNA used as a template for cDNA synthesis was isolated from the mild mutant HA 5-1 (Yeh & Gonsalves, 1984) , pPRVll7 was one of several PRV-P coat protein-encoding clones isolated. There was extensive inter-clone variation with respect to insertions and deletions (B. L'Hostis et al., unpublished) , but pPRV117 encoded a coat protein whose predicted amino acid sequence corresponded to the predicted coat protein of W 1-77, as well as that of other potyviruses. The identification of a poly(A) tract in both pPRVII7 and Wl-77 indicated that the entire 3' untranslated region of both PRV strains had been cloned and sequenced.
Nucleotide sequences were obtained using both the chemical (Maxam & Gilbert, 1980) and enzymic chain termination (dideoxynucleotide) (Sanger et al., 1977) sequencing methods. The latter was done from double-stranded templates using T7 polymerase (U.S. Biochemicals) according to the procedure supplied by the vendor, which is similar to that described by Zagursky et at. (1985) . Both chemically and enzymically sequenced DNA samples were subjected to electrophoresis on 100 cm gels, as described by Slightom et aL (1987) . Oligonucleotides used for primer-directed double-stranded sequencing were synthesized using a DNA synthesizer (Applied BioSystems) and used without further purification.
Sequence analysis was done with the aid of the UWGCG software package (Devereux et al., 1984) , on a Digital Equipment VAX computer. For sequence comparisons of PRV strains and other potyviruses, the UWGCG program GAP was used to align all sequences individually with respect to PRV-W and to calculate the percentage of similarity. The results were then compiled by means of the program LINEUP. When GAP compares amino acid sequences it calculates the percentage of similarity by matching amino acids according to their evolutionary relationship, as described by Dayhoff et al. (1979) . In the comparison of potyvirus amino acid sequences conducted for this study, a modification of the GAP program was also used to calculate the percentage of similarity by counting perfect matches.
Protein and peptide analytical methods. Amino acid analysis of purified PRV HA 5-1 coat protein was performed using 1 to 3 nmol of protein. Protein samples were hydrolysed in 0.2 ml of 6 M-HCI in evacuated, sealed tubes for 24 h at 110 °C. Hydrolysates, dried under nitrogen, were dissolved in 0.2 M-sodium citrate pH 2-2 and analysed for amino acid content on a Beckman Model 6300 analyser. Peptide sequencing was performed by automated Edman degradation with the aid of a gas-phase sequencer (Applied BioSystems) equipped with an on-line phenylthiohydantoin (PTH) analyser (Model 120A) and a fraction collector. Peaks of PTH-amino acids were integrated by a Nelson Analytical 3000 Series chromatography data system connected in parallel with the recorder to the output of the HPLC system.
Amino acid sequencing of a portion of the coat protein was done as follows. Protein, 1.3 mg in 0.5 ml of 70~ formic acid, was cleaved by the addition of about 10 mg of cyanogen bromide. After reaction for 24 h in the dark, the clear solution was dried under nitrogen and the residue was dissolved in 0.6~ formic acid and lyophilized. This material was dissolved in 1 ml of aqueous 0-15~ trifluoroacetic acid (TFA) and insoluble material was removed by centrifugation. A portion of this solution (100 lal) was subjected to reverse-phase HPLC on a column (4-6 x 250 mm) of Vydac C4. The column was developed over a period of 60 min at ambient temperature and a flow rate of 1.0 ml/min, with a gradient from 0 to 100K acetonitrile in 0-15~ TFA. Peptide peaks were collected manually, dried by lyophilization and stored at -20 °C. The peptide peak that eluted at 24.4 min was subjected to automated Edman degradation and revealed a sequence of 20 amino acids.
Results
Clones I411-18, W1-77 and pPRVll7
Clones Wl-18, Wl-77 and pPRVll7 were sequenced according to the strategy shown in Fig. 1 and the resulting cDNA sequences are shown in Fig. 2 , with the combined Wl-18 and W1-77 sequences representing PRV-W, and the pPRV117 sequence representing PRV-P. As slightly more PRV-W sequence than PRV-P sequence was obtained, the former was used as the standard for comparison. The combined sequences from clones Wl-18 and W1-77 provided information for the 3' 2235 nucleotides of the PRV-W genome and the 3' 2220 nucleotides of the PRV-P genome. In the combined sequence of PRV-W we observed one open reading frame which is 2026 nucleotides long and has the capacity for a protein of 675 amino acids. Based on comparisons with other potyvirus sequences and the finding that the potyvirus polyprotein is cleaved at either a Q-S, Q-G, or Q-A bond in order to produce the mature coat protein (Domier et al., 1986; Carrington & Dougherty, 1987a, b; Dougherty et al., 1988; Robaglia et al., 1989) , the N terminus of the PRV-W coat protein was predicted (Fig. 2) . The predicted coat protein is 287 amino acids long, with a calculated Mr of 32850.
Clone pPRV 117 was found to contain an open reading frame 2019 nucleotides long, with the capacity to encode a protein of 673 amino acid residues (Fig. 2) . The predicted N terminus of the PRV-P coat protein was determined as above for PRV-W, resulting in a predicted coat protein that is also 287 amino acids long, with a calculated Mr of 32823. The predicted composition of this coat protein was verified by amino acid analysis (see Methods) and comparison of the predicted and observed amino acid composition yielded a correlation coefficient of 0.988, thus providing additional support for the accuracy of the nucleotide sequence (data not shown). This caclulated Mr (and also that of PRV-W) is slightly less than the Mr of 36000 previously estimated for PRV (Purcifull & Hiebert, 1979; Gonsalves & lshii, 1980) . In addition, the open reading frame of pPRVll7 was verified by amino acid sequencing of a 20 amino acid cyanogen bromide-generated peptide obtained from purified coat protein of the mild PRV-P mutant, HA 5-1 (Yeh & Gonsalves, 1984) . The nucleotide sequence of the PRV-P coat protein region is almost identical to that of PRV-W, with the two strains sharing a 97.7~ nucleotide sequence similarity (97.2~ amino acid similarity).
The identification of the potential coat protein N termini of PRV-W and PRV-P defined the 5' regions of clones W1-77 and pPRV117 as representing part of the PRV genome that codes for the NIb protein. Horizontal arrows indicate the direction and distance read from the restriction site (vertical arrows). Restriction enzyme sites derived from EcoRI linkers (linker) and pUC multiple cloning sites (pUC) are indicated. Regions of the plasmid clones sequenced using the primer-directed dideoxynucleotide sequencing method (Zagursky et al., 1985) are indicated by the oligomer number (pUC primer, JLS 85, LCS 18, 35 or 36) and the distance sequenced from each primer is indicated by the length of the adjacent horizontal arrows.
Comparison of potyvirus coat protein coding region and derived amino acid sequences
Comparison of the PRV-W and PRV-P coat protein coding region with the same regions of other known potyviruses showed that although there is conservation of nucleotide and amino acid sequences among these viruses, PRV is a distinct type, sharing an average of 60-6~ nucleotide sequence similarity with other potyviruses (Table 1 ). The majority of this divergence is located in the N-terminal portion of the coat protein coding region. Individual comparisons (Table 1) showed that tobacco etch virus (TEV) and potato virus Y (PVY) are the closest relatives to PRV among those potyviruses whose sequences are known (62~ nucleotide sequence similarity with PRV). Of these two viruses, the one which has the greatest similarity to PRV, with respect to coat protein amino acid sequence, is PVY (61-3~o, as opposed to 59.7~ for TEV). More detailed examination of the amino acid sequences revealed certain groups of amino acids which are conserved among the potyviruses. The most significant are at positions 171 to 175, 216 to 220, 231 to 234, 248 to 251,261 to 265, 268 to 271 and 295 to 299 (Fig. 3) , where at least four consecutive amino acids are invariable among the sequences shown. These groups of amino acids are also flanked by positions where only two alternative amino acids are found, often with only one virus possessing a variant (Fig. 3) .
Comparison of potTvirus nuclear inclusion protein regions and derived amino acid sequences
Although the PRV-P and PRV-W clones did not contain information for the entire NI b protein of either strain, comparison of these fragments showed extreme sequence conservation between strains (98-2~ nucleotide sequence similarity, 98.5% amino acid sequence similarity; see Fig. 2 ). However, among the four potyviruses for which sufficient sequence information is available to make adequate comparisons [TEV, PVY, plum pox virus 
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PeV-w AAATTATQ~TCAC TXTAGTAACGCG~A~AAGCATACAitGCCAA~AGAAATGCTAC TGAG~GT~CATCC CGCGGTATCCA~TCAA~G~TT TGAC (PPV) and tobacco vein mottling virus (TVMV)], an average of 64.2~o nucleotide sequence similarity with PRV was found. Therefore, this protein is slightly more conserved among the potyviruses than is the coat protein. Individual comparisons (Table 1) revealed that the virus with the most similar nucleotide sequence is TVMV, with 66.0~ sequence similarity to PRV (65-8~o amino acid similarity) and the most divergent is that of TEV, with 64.0~ sequence similarity (63-3~ amino acid similarity). The order of relatedness therefore differs from the order observed when coat protein amino acid sequences are compared. For example, although TEV is one of the two closest relatives of PRV from the standpoint of coat protein amino acid sequence, it is the most divergent of the viruses for which comparisons were made in the NIb region. However, TVMV is among the least related potyviruses based on coat protein amino acid sequences, but is the most closely related when NIb amino acid sequences are compared. These relationships are summarized in Table 1 .
Comparison of potyvirus 3" untranslated regions
Sequence analysis showed that the 3' untranslated region of PRV-W is 211 nucleotides long and that of PRV-P is 209 nucleotides long (Fig. 2) . When compared with other known potyvirus 3' untranslated regions, that of PRV was found to be similar in length to TEV and SMV, but the length of the 3' untranslated region is highly variable among the potyviruses we compared. High sequence variability was also observed (Table 1) . In this region, the most similar sequence is that of TEV, with a 49-2~ similarity to PRV and the most divergent is that of PPV, with a 36-7~ similarity to PRV ( Table 1 . The potyviruses are listed in order of their degree of nucleotide sequence similarity to PRV-W (see Table 1 ). Dots are used to indicate gaps introduced for maximum alignment. * Amino acid (A.a.) sequence similarity was calculated from perfect matches after aligning with the UWGCG program GAP; the percentages in parentheses are the percentages calculated by the GAP program, which employs a matching table based on evolutionary conservation of amino acids (Devereux et al., 1984) . The sources for the sequences are as follows: TEV, Allison et al. (1986) ; PVY, Robaglia et al. (1989) ; SMV (soybean mosaic virus), Eggenberger et al. (1989) ; PPV, Maiss et al. (1989) ; PWV (passionfruit woodiness virus), Shukla et aL (1988a) ; PMV, Dougherty et al. (1985) ; SCMV (sugarcane mosaic virus), Gough et al. (1987) ; TVMV, Domier et al. (1986) . t NA, Information not available. uc, Not calculated.
with the UWGCG program FOLD, no obvious common features of secondary structure were observed in the different viruses, although extensive secondary structures were predicted, with free energies ranging from approximately -12 kJ to -24 kJ. As with the NIb coding regions, the 3' untranslated regions of the various potyviruses do not fall into the same order of relatedness to PRV as do the coat protein coding regions (Table 1) .
Discussion
These sequence data support the present classification of PRV-W and PRV-P as two strains of the same virus (Purcifull et al., 1984) . The two strains share a 98.5~ amino acid similarity, which is in the range of similarity observed in strain comparisons of other potyviruses (Shukla & Ward, 1988) . These data also show that PRV is a distinct potyvirus type, since the two strains do not show sequence similarity greater than 90~o with respect to other potyviruses. Sequence comparisons such as this have revealed unexpected relationships between potyviruses that have previously been classified as distinct, or viruses which have been classified as strains of the same virus. For example, examination of sequence data has shown that pepper mottle virus (PMV) should be considered a strain ofPVY (Shukla et al., 1988c) and that two strains of SMV (SMV-V and SMV-N) are not related at the amino acid sequence level (Shukla & Ward, 1988) . The nucleotide sequence data generated here should therefore help to validate the classification of PRV. The nucleotide sequence differences found between the two PRV strains are such that the amino acid sequence is conserved in most cases. Of the 47 nucleotide sequence differences in the open reading frame of the two PRV genomes, only 13 lead to predicted amino acid replacements (Fig. 2) . Of these replacements, four of the five found in the NI b protein region are not evolutionarily favoured, because they are changes which alter the chemical properties of the residue at that position (Dayhoff et al., 1979) . In contrast, only three of the eight amino acid changes observed in the coat protein region are non-conservative replacements (Dayhoff et al., 1979) . This difference between the two proteins in the nature of the amino acid differences is somewhat surprising because of the proposed role of the NIb protein as an RNA-dependent RNA polymerase (see below). One would expect that the changes that are tolerated in proteins with essential functions, such as a polymerase or a coat protein, would be those in which the chemical properties of the amino acids are maintained. However, it is possible that these changes in the NIb protein occur at positions which do not alter its polymerase function.
The sequence of the NIb protein is well conserved, not only between strains, but also between different virus types (Table 1 ). This conservation is even greater when one takes into account changes involving amino acids with chemically similar properties (Dayhoff et al., 1979) . In this case, the similarity between PRV and other potyviruses ranges from 77.1 ~o to 78.8~ (an average of 77-8 ~). One would predict, therefore, that the secondary structure of the nuclear inclusion and coat proteins is conserved between these viruses. Consistent with this prediction is the apparent antigenic conservation of the potyviral NIb protein, since antibodies to TEV NIb protein react with in vitro translation products of all potyviruses (more than 20) tested to date (E. Hiebert, unpublished data; Chang et al., 1988) . Shukla et al. (1988b) have provided evidence for structural and serological conservation of the coat protein with different potyviruses.
The nuclear inclusion proteins of other potyviruses have been examined by other workers and the sequence GNNSGQPSTVVDNTLVMXXA (where X is a hydrophobic residue) has been found in TEV, PPV and TVMV (Maiss et al., 1989) and (with one amino acid difference) in PVY (Robaglia et al., 1989) . This sequence is one of two groups of amino acids which, because of their strong conservation among plant, animal and bacterial viruses (Kamer & Argos, 1984; Domier et al., 1987; Hamilton et al., 1987) , are thought to be characteristic of RNA-dependent RNA polymerases. The same sequence can be found in PRV (amino acids 157 to 176 in Fig. 2) , with the exception that a T (Thr) residue is found in place of the final A (Ala) residue in the sequence. The second group (amino acids 195 to 210 in Fig. 2 ) contains the amino acid sequence GDD in the second group and is invariant in the plant and animal virus RNA-dependent RNA polymerases thus far examined and is hypothesized to be the putative active site or nucleic acid recognition site for the polymerase (Kamer & Argos, 1984) .
In addition, there are other regions of perfect conservation in this nuclear inclusion protein, especially at positions 17 to 26, 51 to 59 and 94 to 106 in Fig. 2 , where there are 10, 9 and 13 amino acids, respectively, which are perfectly conserved among PRV, TEV, PVY, PPV and TVMV. The amino acids at positions 94 to 106 agree well in terms of sequence and position with a third conserved region of RNA-dependent RNA polymerases; the D (Asp) residue at position 103 has been found to be invariant (Kamer & Argos, 1984) . The perfect conservation at these three positions in the NI b protein suggests that they too have an important function in polymerase activity, at least in potyviruses. No perfectly conserved amino acid clusters of greater than six amino acids are found in the COOH end of the NIb region, where most of the variability for this protein is located.
The region of relatively high sequence variability beginning in the COOH-terminal portion of the NIb protein continues into the N-terminal portion of the coat protein. Two observations suggest that this variability is most probably generated by substitutions and insertions or deletions of nucleotide sequence rather than frameshifts. Examination of alternative reading frames in the N-terminal region of the PRV coat protein do not easily yield the N-terminal amino acid sequences of other potyviruses. Computer-aided alignments (not shown) also indicate that, although the lengths of the NIb COOH-terminal portion and the coat protein N-terminal portion are variable, a longer NIb COOH terminus does not necessarily mean a correspondingly shorter coat protein N terminus. The coat protein variability is probably also not the result of mutations that alter the site of cleavage from the polyprotein. This conclusion is supported by the fact that a comparison of the Nterminal 50 amino acids of the PRV-W coat protein sequence with the COOH-terminal amino acids of the NIb protein sequence of other potyviruses shows no greater than 38-7~ similarity (with TVMV). It would be of interest to determine the probable origin of the sequences contributing to this variable region. It is possible that this region may be able to undergo recombination with other viruses, resulting in extensive variability.
The coat protein is slightly less conserved than the NIb proteins, which has been previously observed by other workers (Robaglia et al., 1989) . Even when evolutionarily conserved changes are considered, the similarity of amino acid sequence ranges from 68.6~ to 76-7~ (an average of 72-09/o) with respect to PRV. In contrast to the NIb protein, no long regions of perfectly conserved amino acids occur within the coat protein. However, there are short clusters in the COOHterminal half (see above) which may be important in the interaction of the protein with other coat protein molecules or with viral RNA. This possibility is supported by the fact that the portion of the coat protein molecule in which these conserved sequences are found is located internally in an intact virion (Shukla et al., 1988b) .
The potyviruses are one group of plant viruses for which a significant database of amino acid sequences and nucleotide sequences is being developed, especially for their coat protein regions. Additional information on the coat proteins of other potyvirus types should allow detailed classification of the viruses in this group. Furthermore, increased nucleotide sequence information should lead to a detailed knowledge of the genome structure of these viruses and may reveal highly conserved nucleotides with possible functional significance in the 5' and 3' untr~:n,~ated regions.
